Background-Increased vascular oxidative stress induced by hyperlipidemia may alter the phenotype of vascular smooth muscle (SM) cells and play a crucial role in the progression of atherosclerosis. To clarify the mechanisms underlying vascular dysfunction and oxidative stress in hypercholesterolemia, we compared the effects of antioxidant probucol with those of pravastatin on aortic stiffness, phenotypic modulation, oxidative stress, and NAD(P)H oxidase essential subunit p22 phox expression in aortic medial SM cells of cholesterol-fed rabbits by using color image analysis of immunostained sections. Methods and Results-Japanese white male rabbits were fed either normal chow or 1% cholesterol diet for 14 weeks. After the first 7 weeks, cholesterol-fed rabbits were further divided into 3 groups: those fed with cholesterol feed only and those additionally given pravastatin (10 mg/d) or probucol (1.3 g/d) for the last 7 weeks. Within 7 weeks of treatment, probucol improved aortic stiffness more effectively than did pravastatin, inhibiting phenotypic modulation by selectively upregulating contractile-type SM myosin heavy chain isoform SM2 and by reducing both p22 phox and superoxide content in medial SM cells of cholesterol-fed rabbit aorta. No significant differences in cholesterol levels, superoxide content, and endothelial NO synthase levels in the intima, aortic morphology and fibrosis, and synthetic-type myosin heavy chain in medial SM cells were observed between the 2 drug-treated groups. Conclusions-These results suggest that oxidative stress and SM2 in medial SM cells might be important factors for vascular dysfunction, and strategies aimed at blocking NAD(P)H oxidase and upregulating SM2 may have therapeutic potential against the progression of atherosclerosis in hypercholesterolemia. (Circulation. 2002;105:2288-2295.) 
A ortic stiffness index-␤ is widely used to evaluate the progression of atherosclerosis, and it is strongly associated with the progression of atherosclerosis at various sites in the vascular tree. 1 It has also been shown that atherosclerosis is associated with functional abnormalities in the contractile and relaxation response of vascular smooth muscle (SM). 2 Among determinant factors of aortic wall characteristics at the early stage of atherosclerosis, SM is the only active component. It has a functional capability to change the aortic wall characteristics, and increased aortic stiffness could be attributed to SM dysfunction. 3 SM cells (SMCs) in the media express 2 isoforms of SM myosin heavy chain (MHC; SM1 and SM2) and 2 types of nonmuscle MHC (NMHC) isoforms (NMHC-B/SMemb and NMHC-A). Phenotypic modulation of SMCs induced by hyperlipidemia contributes to the progression of atherosclerotic diseases, 4 
and the relative ratios between SM-MHCs and
NMHCs are not only a useful molecular marker for phenotypic changes of SMCs but also determinants of the contractile properties of SM.
Recent studies have suggested that excess oxidative stress and the increased arterial superoxide (O 2 Ϫ ) production generated by vascular NAD(P)H oxidase induced by hyperlipidemia may play a critical role in the progression of atherosclerosis, 5, 6 including the impairment of endothelium-dependent arterial relaxation. 7, 8 Probucol, a cholesterol-lowering drug with potent antioxidant properties, preserves endotheliumderived NO action in association with limiting vascular oxidative stress and O 2 Ϫ generation and lipid peroxidation in vivo, without lipid lowering in cholesterol-fed rabbits. 7, 8 The inhibitors of DL-3-hydroxy-3-methylglutaryl coenzyme A reductase (statins) have favorable effects on the progression of atherosclerosis, independent of lipid lowering known as pleiotropic effects, and these favorable effects may play an important role in reducing cardiovascular events. 9 Statins have been seen to improve endothelial dysfunction by restoring endothelial NO synthase (eNOS) and reducing oxidative stress and NAD(P)H oxidase essential subunit p22 phox in the vasculature, with or without lipid lowering. 10, 11 On the other hand, several studies have demonstrated that the reduction in endothelial O 2
Ϫ levels or induction of NO in the endothelium is not sufficient to improve endotheliumdependent relaxation, suggesting that the media may contribute to vasomotor dysfunction in hyperlipidemia. 12, 13 Many studies have focused on the protective effects of lipidlowering drugs on neointima and endothelial dysfunction. Little, however, is known about the direct effects of probucol or statins, especially on vascular function, oxidative stress, and/or phenotypic change of aortic medial SMCs at the early stage of atherosclerosis. In the present study, to clarify the mechanisms underlying vascular dysfunction and oxidative stress, we compared the effects of probucol with those of pravastatin on aortic stiffness, phenotypic modulation, oxidative stress, and p22 phox expression in aortic medial SMCs of cholesterol-fed rabbits.
Methods
The Ethics Committee for Animal Experimentation at Yamaguchi University School of Medicine approved the experimental protocol used in this study, and the experiment was performed according to the Guidelines for Animal Experimentation at Yamaguchi University School of Medicine, and law (No. 105) and notification (No. 6) of the Japanese government.
All chemicals were purchased from Sigma Chemical Co unless otherwise specified. The oxidative fluorescent dye hydroethidine (HE) was obtained from Polysciences Inc. Probucol was provided by Daiich Pharmaceutical Co Ltd, Tokyo, and pravastatin was a gift from Sankyo Co Ltd, Tokyo.
A total of 55 Japanese white male rabbits (2.5 to 3 kg; Kyudo Co Ltd, Kumamoto, Japan) were involved in this study. The control group (nϭ9) was fed normal chow for 14 weeks. The hypercholesterolemic group was fed 1% cholesterol diet (nϭ46) for the first 7 weeks, and then further divided, randomly, into 3 groups for the last 7 weeks: those fed cholesterol only (HC group; nϭ14); those additionally given pravastatin (10 mg/d; pravastatin group; nϭ16); and those additionally given probucol (1.3 g/d; probucol group; nϭ16). Fasting peripheral blood was collected to measure plasma cholesterol concentrations.
Aortic stiffness in terms of the ␤-index was obtained according to Hiromoto et al. 14 Rabbits were then euthanized by simultaneous administration of intravenous sodium pentobarbital (120 mg/kg) and heparin (50 U/kg) to prevent blood clotting. The thoracic descending aorta without atheroma, where aortic stiffness was measured, was harvested. The proximal portion of the aorta was snap-frozen with OCT compound in liquid nitrogen to obtain fresh-frozen sections for HE staining according to the method of Miller et al. 12 The remaining tissue was fixed for immunohistochemistry according to the method of Aikawa et al. 15 Fixed specimens were paraffin-embedded by conventional procedures, sectioned into 4-m slices, and stained with Sirius red, hematoxylin-eosin, and Azan-Mallory staining solutions.
Mouse monoclonal antibodies against rabbit SM1, SM2, NMHC-B/SMemb (Yamasa), human eNOS (Transduction Laboratories), human ␣-SM actin (American Research Products), goat polyclonal antibody against human p22 phox (Santa Cruz Biotechnology), and nonimmune goat or mouse IgG (as a negative control) were applied, and immunohistochemistry was performed using the ABC method (Vector Laboratories).
To selectively and quantitatively analyze morphology, HE staining, and protein expression in aortic sections, we used a computer-assisted color image analysis system using NIH Image version 1.62. The percentage of SM1-, SM2-, NMHC-B/SMemb-, and p22 phoxpositive cell areas against the ␣-SM actin-positive cell areas, and of the area positive for eNOS antibody in the vessel wall were obtained with serial sections, respectively. HE was used to evaluate in situ intracellular production of O 2
Ϫ and the cellular site of O 2 Ϫ production in both the intima and media, areas that were determined with hematoxylin-eosin-stained serial sections. These data were expressed as the fold increases against the corresponding data of the control group. The percentage of collagen volume fraction of the media was determined by Sirius red staining according to the method of Fukumoto et al. 16 The percentage of total fractional fibrosis, cross-sectional area, total cell number in the aortic media, and intimal-to-medial ratio were determined according to the method of Fujii et al. 17 Three points around the circumference of the area, without atheroma of the vessel sections, were examined in a blind fashion, using at least 2 slices for each rabbit aorta, and the mean value of each aorta was used for statistical analysis.
The experimental groups were compared using ANOVA followed by Scheffe's multiple comparison. PϽ0.05 was considered significant.
Results
Body weight and total serum cholesterol levels were significantly higher in the 3 cholesterol-fed groups than in the control group, and no differences in those values were observed among the 3 cholesterol-fed groups ( Table 1) . Heart rate and blood pressures were unaltered among the 4 groups.
Aortic stiffness index-␤ was significantly higher in the HC group than in the control group (Table 1) . Among the 3 cholesterol-fed groups, both the probucol and the pravastatin group showed a decrease in aortic stiffness index-␤. Only in the probucol group did the decrease, to a level equal to that of the control group, reach statistical significance, relative to values in the HC group, within 7 weeks.
Total cell number and cross-sectional area of the media did not differ among the 4 groups (Table 2 ). In contrast, total fractional fibrosis and collagen volume fraction in the media were significantly increased in the HC group compared with the control group. Neither probucol nor pravastatin showed any effects on these values in cholesterol-fed rabbits. On the other hand, the intimal-to-medial ratio was significantly higher in the HC group than in the control group. Both probucol and pravastatin significantly and equally reduced those values compared with the values of the HC group.
Photographs in Figure 1A show that 3 of the MHC isoforms were specifically and heterogeneously stained, and ␣-SM actin was homogenously stained in medial SMC cytoplasm. Figure 1B shows the results of quantitative analysis for SM1, SM2, and NMHC-B/SMemb expression in medial SMCs. SM1 was unaltered among the 4 groups. In contrast, SM2 was downregulated by 64% in the HC group compared with the control group. The pravastatin and probucol groups, compared with the HC group, inhibited downregulation of SM2 in medial SMCs. In addition, downregulation of SM2 in medial SMCs was more significantly suppressed in the probucol group than in the HC or pravastatin groups, with no difference seen in SM2 expression between the control and probucol groups. NMHC-B/SMemb in medial SMCs was significantly higher in the 3 cholesterolfed groups than in the control group. In addition, 7 weeks of pravastatin or probucol treatment showed no effects on NMHC-B/SMemb expression in the aortic medial SMCs of cholesterol-fed rabbits when serum cholesterol levels were unaltered.
Photographs in Figure 2A show O 2 Ϫ content in the vessel wall assessed by HE staining. The control group showed minimal fluorescence in the endothelium and adventitia, and only slight expression of O 2
Ϫ was noticed in aortic medial SMCs. In contrast, the HC group showed significant increase in HE fluorescence, reflecting increased O 2
Ϫ content throughout the vessel wall, especially in medial SMC cytoplasm. Figure 2B shows the results of quantitative analysis and indicates that the level of O 2
Ϫ content in aortic media from the HC group was significantly higher than that from the control group. Among the 3 cholesterol-fed groups, 7 weeks of probucol treatment suppressed the level of O 2
Ϫ content by 73%, especially in the aortic media, compared with values of the HC group. O 2 Ϫ content in the probucol group maintained a level almost equivalent to that of the control group. On the other hand, 7 weeks of pravastatin treatment reduced the level of O 2
Ϫ content by 54% in the aortic media, but in comparison with that of the HC group, the reduction did not reach statistical significance. Both pravastatin and probucol significantly reduced the level of O 2
Ϫ content in the intima to a level equal to that of the control group, with no difference in O 2
Ϫ content observed between the 2 drug-treated groups.
To clarify whether probucol affects NAD(P)H oxidase expression, we examined the respective effects of probucol and pravastatin on p22 phox expression in aortic medial SMCs.
Immunohistochemically, p22 phox was expressed mainly in the endothelium and adventitia and slightly in the media of the control rabbit aorta ( Figure 3A ). Quantitative analysis showed that hypercholesterolemia induced a 5.4-fold increase in p22 phox in the aortic media, endothelium, and adventitia compared with levels in the control group. Probucol significantly reduced p22 phox in the aortic media by 44% compared with the level in the HC group, whereas the reduction of p22 phox in the pravastatin group did not reach statistical significance within 7 weeks ( Figure 3B) .
To identify the localization and types of p22 phox -expressing cells in the aortic media, immunohistochemistry of ␣-SM actin, SM2, NMHC-B/SMemb, and p22 phox was performed on 14-week cholesterol-fed rabbits using serial sections ( Figure  4A ). Endothelium and adventitia were positively stained with antibody against p22 phox . All of the SM2-, NMHC-B/ SMemb-, and p22 phox -expressing cells were specifically and heterogeneously stained in aortic medial SMCs from 14-week cholesterol-fed rabbits (brown against a pale blue background), respectively. All of the p22 phox -expressing cells in the media were positive for ␣-SM actin and NMHC-B/ SMemb. Interestingly, the positivity for p22 phox varied relative to the grade of positive staining for SM2 but for NMHC-B/ SMemb. Quantitative analysis showed a significant inverse correlation between p22 phox and SM2 expression in the aortic media ( Figure 4B ), whereas no correlation between p22 phox and NMHC-B/SMemb expression was observed in the aortic media (rϭ0.31; PϭNS). Figure 5A shows the immunohistochemical localization of eNOS in rabbit aorta (brown color against a pale blue background). Endothelium was selectively stained with antibody against eNOS. Quantitative analysis demonstrated that the HC group showed a significant (90%) reduction of eNOS in comparison with the level in the control group. Pravastatin and probucol restored eNOS in the endothelium to the same degree, to a level equal to that of the control group, and no difference was observed between the 2 drug-treated groups (Figure 5B ).
Discussion
We previously observed a significant increase in aortic stiffness and reduction of vascular responsiveness in 7-week cholesterol-fed rabbits at the early stage of atherosclerosis. 3, 14 In the present study, we showed no significant differences in hemodynamics, serum cholesterol levels, aortic morphology and fibrosis, or eNOS level and O 2 Ϫ content in the intima between the probucol-and pravastatin-treated groups within 7 weeks of treatment, whereas probucol inhibited progression of aortic stiffness better than did pravastatin in cholesterolfed rabbits over this period. These results indicate that the different effects of these drugs, at the doses used, on the direct action for SM function in the media might cause differences in the improvement of aortic stiffness.
Among the various SMC differentiation markers, myosin appears to be a powerful tool for studying the structural modifications and functional characteristics of vascular disease. 4 We demonstrated that hypercholesterolemia induced downregulation of SM2 and upregulation of NMHC-B/ SMemb in the media. Our findings are similar to results in the intima observed by Aikawa et al, 15 indicating that the phenotype of medial SMCs appeared to change toward the synthetic type and that this phenotypic modulation of medial SMCs might be responsible for the increased aortic stiffness in hypercholesterolemia. Moreover, both drugs inhibited phenotypic change of medial SMCs by selectively upregulating SM2 in the media. However, within 7 weeks and at the doses used, probucol might improve aortic stiffness by inducing greater changes than did pravastatin in the relative composition of SM-MHCs and NMHCs in aortic medial SMCs. Further, our data suggest that SM2 in the media, rather than NMHC-B/SMemb, might be one of the major determining factors for aortic stiffness in our experimental model.
It has been shown that hypercholesterolemia can induce vascular expression of NAD(P)H oxidase, which is an important source of O 2 Ϫ production in animal models of hypercholesterolemia. 5, 6 Recent studies have demonstrated that p22 phox -expressing SMCs in the neointima are positive for NMHC-B/SMemb but not for SM2, and have a greater capability to produce O 2 by NAD(P)H oxidase, suggesting that the redox state in the vasculature might affect phenotypic modulation, and that the phenotype of p22 phox -expressing SMCs was the synthetic-type rather than the contractiletype. 18, 19 Our findings in the media are similar to results previously reported in the neointima, 18, 19 indicating that increased oxidative stress generated by upregulated NAD(P)H oxidase in the media might be responsible for inducing the phenotypic change of medial SMCs seen in hypercholesterolemia. Our results also suggest that NAD(P)H oxidase-mediated oxidative stress might regulate SM2 in medial SMCs, whereas NMHC/SMemb might be regulated by other factors, such as hypercholesterolemia itself rather than oxidative stress in vivo.
NO, a principal factor involved in the anti-atherosclerotic properties of the endothelium, is a powerful local vasodilator and is also involved in the regulation of SMC proliferation. 20 Hypercholesterolemia is a central pathogenic factor of the endothelial dysfunction caused in part by an impairment of endothelial NO produced by eNOS. Our findings in the endothelium are consistent with results previously reported, 8,10 sug- Ϫ levels is not sufficient to improve endotheliumdependent relaxation, and that generation of reactive oxygen species within the media may contribute to vasomotor dysfunction in atherosclerosis. Further, Weisbrod et al 13 also indicated that resistance of aortic SMCs to NO contributes to abnormal endothelium-dependent vasodilatation in cholesterol-fed rabbits. In our experiment, endothelial function was not examined, but probucol and pravastatin both inhibited intimal thickening, reduced O 2 Ϫ content in the intima and restored eNOS expression in the endothelium, and few differences were seen between the 2 drug-treated groups. In addition, 7-week treatment with probucol normalized O 2 Ϫ content and significantly reduced p22 phox in medial SMCs in comparison with levels in the HC group, whereas treatment with pravastatin over the same period did not. Taken together, these results suggest that an improvement of not only endothelial function but also medial SM function would be required for the restoration of vascular responsiveness in hypercholesterolemia.
There are several explanations for the different effects of the 2 drugs on O 2 Ϫ content, p22 phox level, and phenotypic modulation in medial SMCs. First, although the extent of lipid peroxidation, one of the important steps in the development of atherosclerosis, was not measured in this experiment, based on the O 2 Ϫ and p22 phox levels in the vasculature, the antioxidant property of probucol could be stronger than that of pravastatin at the doses used in this experiment. 7 Second, probucol is a hydrophobic (lipid-soluble) compound and easily penetrates the aortic wall, 7 whereas pravastatin is hydrophilic and cannot penetrate the vasculature as easily. 16 The hydrophobic nature of probucol might contribute to its antioxidant property against lipid peroxidation, and thus result in effects different from those of pravastatin. Third, not only NAD(P)H oxidase but also other O 2 Ϫ generating systems, such as xanthine oxidase, generate O 2 Ϫ in the vasculature. However, the contribution of these enzymes would be much less than that of NAD(P)H oxidase. 6 Finally, probucol might accelerate the scavenging system against O 2 Ϫ ; 21 activation of the scavenging system against O 2 Ϫ in the vessel wall might be partly involved in the results of our experiment.
In conclusion, our findings suggest that the SM2 might be regulated by oxidative stress independent of cholesterol levels and that the upregulation of SM2 by reduced oxidative stress in the media obtained by antioxidants such as probucol might be sufficient to fully restore vascular dysfunction even in hypercholesterolemia. In addition, strategies aimed at reducing O 2 Ϫ content and/or blocking upregulated NAD(P)H oxidase expression not only in the endothelium and intima but also within the media may have therapeutic potential against the progression of atherosclerosis.
In this study, we did not examine the dose-dependency of the effects of probucol and pravastatin or measure the NAD(P)H oxidase activity. This study was designed not to investigate the antioxidant property of the agents used but rather to investigate whether the phenotype of medial SMCs and oxidative stress might contribute to the increase in aortic stiffness induced by hypercholesterolemia in vivo, and to demonstrate a crucial role for medial SMCs and endothelial cells in vascular dysfunction in atherosclerosis. Although little is known about the mechanical properties of SM-MHCs and NMHCs of vascular SMCs in hyperlipidemia in vivo, and further experiments will be necessary to examine the antioxidant property of both agents, our findings provide a novel 
